Background: Prions are proteinaceous particles that propagate alternative protein conformations/states to further copies of the same proteins, and are transmitted from cell-to-cell, and organism-to-organism. Prions are usually made of the beta-sheet rich assemblies termed amyloid. The original prion protein PrP causes devastating neurodegenerative disorders in humans and other mammals. In the yeast Saccharomyces cerevisiae, many prion-forming proteins have been observed; a prominent feature of these proteins is an intrinsically disordered domain rich in glutamine (Q) and asparagine (N) residues. Several human proteins that are yeast-prion-like, in particular those with poly-glutamine (poly-Q) expansions, have been experimentally implicated in human neurodegenerative diseases. Results: Here, we have constructed a comprehensive list of human yeast-prion-like proteins that are linked to human neurological disease. Surprisingly, different methods to annotate yeast-prion-like proteins in humans have limited intersection. However, independent of annotation method, we find that human yeast-prion-like proteins as a group have a statistically significant genetic linkage to neurological disease, that is caused specifically by linkage to neurodegenerative diseases. This is despite: (i) no especially high expression of yeast-prion-like proteins in the central nervous system, or (ii) no general enrichment of intrinsically disordered proteins in neurological/neurodegenerative diseases. Cytoskeletal proteins are significantly overrepresented in the set of human yeast-prion-like neurological proteins. Whether involved in neurological pathomechanisms or not, yeast-prion-like proteins in humans have very limited conservation outside of Deuterostomia (<~10 %) with only a handful having prion-like character in both human and S. cerevisiae. The only such protein with a disease linkage is PUB1/TIA1, which functions as a stress granule component. Thus, the yeast-prion-like character of proteins linked to neurodegenerative diseases has not been conserved over the deep evolutionary time since the last common ancestor of yeasts and humans. Conclusion: Our results provide a comprehensive picture of yeast-prion-like proteins in humans and contribute to the strategic basis for experimental investigation of the link between yeast-prion-like protein character and neurological disease. Reviewers: Reviewed by Istvan Simon and Alexander Schleiffer. For the full reviews, please go to the Reviewers' comments section.
Background
Prions were originally identified as proteinaceous infectious particles that caused devastating neurological disorders in humans and other mammals. These prions are particles that propagate alternative states of proteins, by co-opting further copies of the same proteins. In the yeast Saccharomyces cerevisiae, these alternative states can be transmitted sustainably during budding, mating or laboratory infection protocols. Yeast prions propagate heritable phenotypes, uncover hidden genetic variation, function in large-scale gene regulation, and can act like diseases. The first well-characterized yeast prions, that underlie the [PSI+] and [URE3] prion states, are propagating amyloids (i.e., fibrillar beta-sheet aggregates) of the proteins Sup35p and Ure2p. The protein Sup35p functions as part of the translation termination complex. Formation of [PSI+] prions reduces the efficiency of translation termination and increases levels of nonsensecodon read-through [1, 2] . Such read-through has been shown to be a potential mechanism to uncover cryptic genetic variation [3, 4] .
[URE3] causes upregulation of poor nitrogen source usage, even when rich sources are available [5] [6] [7] . Prion variants may be considered as diseases of S. cerevisiae in some contexts [8, 9] . A more recently discovered example, the [MOT3+] prion, has been shown to function in controlling the acquisition of multicellularity in S. cerevisiae [10] . There are now at least 10 known prions of S. cerevisiae that are propagated by amyloids [11, 12] .
A common compositional feature of almost all amyloid-based yeast prions is bias for asparagine (N) and/or glutamine (Q) residues [12, 13] . These yeast prions are also amongst the proteins with the highest degrees of intrinsic disorder in the yeast proteome [11] . Bioinformatic surveys have revealed the existence of hundreds of proteins with such N/Q-richness in S. cerevisiae and diverse other fungi [14] [15] [16] . Evolutionary analysis showed that the [PSI+] prion N/Q bias is conserved across fungal clades that diverged >1 billion years ago, with only eight other S. cerevisiae proteins showing similar, phylogenetically deep patterns of conservation of yeast-prion-like character [15] . A large population of yeast-prion-like proteins emerged early in the evolution of the budding yeast evolutionary class Saccharomycetes, as a result of mutational trends that lead to the formation of more polyasparagine runs, thus providing an evolutionary 'test set' out of which several prion-forming domains have arisen [17] .
Prion-like propagation of aggregates between neurons has been demonstrated in several neurodegenerative diseases, including amyotophic lateral sclerosis (ALS) [18, 19] , Alzheimer's disease [20, 21] and Parkinson's disease [22, 23] . Several human proteins have prion-like N/Q-rich domains that have been experimentally linked to neurodegenerative pathomechanisms. Cytoplasmic aggregates of the RNA-binding protein FUS, which contains a Q-rich domain, are implicated in ALS, and its aggregation has been re-capitulated in an induced S. cerevisiae proteinopathy [24] . Mutations in two yeastprion-like proteins hnRNPA2B1 and hnRNPA1 initiate neurodegenerative disease in humans through amyloid formation [25] . Also, pathogenic proteins in at least nine other neurodegenerative disorders, such as Huntington's disease, have disease-linked poly-Q expansions.
Here, we derive a comprehensive list of yeast-prionlike proteins for humans using three different methods and assess their evolution through comparison to a diverse panel of eukaryotes. We also characterize the linkage of yeast-prion-like proteins to neurological diseases, showing that they have a specific relationship to neurodegeneration/muscular degeneration that is not due to other more general factors, such as intrinsic disorder or high tissue-specifc expression. Human yeastprion-like proteins are largely novel in evolution since the last common ancestor of Deuterostomia, with only one neurologically relevant protein (PUB1/TIA1) having yeast-prion-like character in both humans and yeast.
Methods

Annotation of proteomes
Complete eukaryotic proteomes for the organisms listed in Table 1 were downloaded from the NCBI genome website [26] . These were annotated for domains with prion-like N/Q-rich composition, using the LPS program [11, 27, 28] , as described previously [17] . Prion-like domains were also predicted using the programs PAPA [29] and PLAAC [30] . With the latter, predictions were made using both the background amino-acid composition of budding yeast, and of each individual eukaryotic proteome. Intrinsically disordered proteins were annotated using the program IUPRED [31] .
Evolutionary analysis
An organismal phylogeny of the eukaryotes was obtained from NCBI Taxonomy [32] . Organismal phylogenetic trees were drawn using phyloT [33] to generate a Newick format file, which was then input into Phylodendron [34] . Orthologs in the other eukaryotes for all of the human proteins were calculated using the bi-directional best hits method, as described previously [17] .
Other data sources
Lists of human genes/proteins linked genetically to diseases were obtained from OMIM [35] . A list of neurological diseases was obtained from the NINDS website [36] , and a curated list of genes/proteins linked to neurodegeneration was obtained from UniProt [37] . These lists were cross-referenced with the OMIM data. Further The organisms are listed in the same order that they appear in the phylogenetic tree in Fig Columns (5), (6), (8) and (9) genes linked to neurodegeneration/muscular degeneration were identified from curation of the scientific literature. The Gene Ontology database [38] was used to assess functional classifications.
Human tissue-specific gene expression data was obtained from the GXA Expression atlas Illumina body map [39] and from SpeCond [40] . To generate lists of tissue-specifically expressed genes from the Illumina body map, the genes had to be specifically expressed in the tissue in question above expression level cutoff of 0.5 in experiment EMTAB-513.
Results and Discussion
Conservation across the eukaryote domain
We consider yeast-prion-like proteins to be proteins with a domain that has yeast-prion-like character. This character is either a pronounced compositional bias for glutamine and/or asparagine residues as determined by the program LPS [11, 27, 28] , or prediction of a prion domain by the programs PAPA or PLAAC [29, 30] (see Methods for details). The former are termed N/Qrich proteins (NQPs), whereas the latter are termed prion predictions. In the human proteome, yeast-prion-like proteins are somewhat rarer than in Saccharomyces cerevisiae itself (occurring at a rate of 1-2 % versus 3-5 %; Table 1 ).
Across the eukaryote domain, we see several species with large numbers of NQPs and prion predictions (>10 % NQPs of all proteins), specifically i.e., Plasmodium, Dictyostelium, leech and Drosophila (Table 1) . In Plasmodium and Dictyostelium, this is due to large amounts of N and/or Q homopeptide runs [41, 42] . In Drosophila, there are large numbers of Q-rich regions, particularly associated with proteins functioning in transcription activation/control [28] . Similarly, since the last common ancestor of Saccharomycetes yeasts, a large-scale mutational trend for more N homopeptide runs has led to the formation of lots of prion-like proteins in present-day laboratory budding yeast Saccharomyces cerevisiae, which are also significantly linked to transcription regulation functions [17] . Human yeast-prion-like proteins analyzed here are similarly linked to transcriptional control (Additional file 1: Table S1 ). The lowest percentages of yeast-prion-like proteins occur consistently in plants as a clade (Fig. 1) .
Human yeast-prion-like proteins have only limited conservation outside of Deuterostomes (Table 1 and Fig. 1 ; complete list of annotations in Additional file 2: Table S2 ). In Fig. 1 , the conserved numbers of yeastprion-like proteins are weighted to account for the relative size of the yeast-prion-like protein complements of the other eukaryotes. These statistics indicate that human yeast-prion-like proteins are largely novel since the last common ancestor of Deuterostomes. In general, the yeast-prion-like character of human proteins is found less and less in orthologs at increasing divergences (hypergeometric probabilities, P = 9e-06 for conservation outside Tetrapoda, P = 7e-07 outside vertebrates, P = 4e-09 outside Deuterostomes). Indeed, there are only a handful of orthologous yeast-prion-like proteins between human and yeast (7 yeast prion-like proteins have orthologs in human, 5 of which function in transcriptional control; Table 2 , combining NQPs and prion predictions). Only one of these has been shown to have prion-like aggregation in both species, the stress granule assembly component PUB1/TIA1 [43, 44] . This is also the only such yeast-prion-like protein that is genetically linked to a neurodegenerative/ muscular degenerative disease, i.e., Welander distal myopathy, which is caused by heterozygous mutation in PUB1/TIA1 [45] . Generally, yeast-prion-like proteins from S. cerevisiae have very low rates of yeast-prion-like orthology across the divergent panel of eukaryotes examined here (0.4-4.9 % of cases; Table 1 ).
Genetic linkage to neurological and neurodegenerative disease
The link between yeast-prion-like proteins and neurological/neurodegenerative diseases has been demonstrated experimentally for several cases, such as FUS and TDP-43 in amyotrophic lateral sclerosis (ALS) [46, 47] , and hnRNPA2B1 and hnRNPA1 in ALS and other disease [25] . Also, several neurodegenerative diseases, such as Huntington's disease, have been shown to be genetically and/or mechanistically linked to proteins that have poly-glutamine (poly-Q) expansions. What is the scale of the role of yeast-prion-like proteins in neurodegenerative diseases, and is it simply a consequence of high expression levels for yeast-prion-like proteins, or a more general linkage to intrinsically disordered proteins? To address these questions, we derived a comprehensive list of yeast-prion-like proteins genetically linked to neurological disease. Lists of genes linked to disease, and more specifically to neurological and neurodegenerative disease, were compiled by data-mining and cross-referencing OMIM and other online resources, as well as the lists of genes encoding yeast-prion-like proteins (as explained in Methods).
For a variety of criteria, there is a significant enrichment of yeast-prion-like proteins in proteins genetically linked to neurological disease, and even more so for the subset that are degenerative (Fig. 2 , and Additional file 3: Figure S1 ). The greatest enrichments are for NQPs annotated using the LPS program, and for prion predictions made using the program PLAAC (Fig. 2) . The greatest enrichment for neurodegenerative diseases compared to neurological diseases is for NQPs (P = 0.0018, 7.8 % of genes versus 4.3 %). When neurodegeneration-linked genes are compared to disease-linked genes generally the P values for NQP enrichment become highly significant (down to P = 3.6e-08, Additional file 3: Figure S1 ).
The well-characterized prions in S. cerevisiae are a subset of proteins with very high intrinsic disorder [11] . Therefore, we checked whether the enrichments that we observe are simply due to enrichments of intrinsically disordered proteins. To do this, we tested for enrichment in neurological diseases for proteins that are not in the sets of yeast-prion-like proteins but which are intrinsically disordered, at three levels of coverage (30 %, 50 % and 70 % disordered; Fig. 3 ). There are two weak enrichments, e.g., one for proteins >50 % intrinsically disordered, for neurological linkage compared to disease linkage generally (Fig. 3) .
The significant enrichments of yeast-prion-like proteins observed for neurological genes relative to diseaselinked genes disappears if the neurodegeneration-linked genes are removed from the data. After such a removal, the lowest P-value is for enrichment of NQPs (P = 0.09, N.S.). Thus, the effect is largely due to genes linked to neurodegeneration. Also, the enrichments that we observed are not due to genes detected using biased screens for prion-like proteins/genes (Table 3) .
Given the observed genetic linkages, is there perhaps significant tissue-specific expression of yeast-prion-like proteins in the central nervous system or in muscle? Generally for these three tissues, there is typical representation of yeast-prion-like proteins, with the exception of a possible significant excess of NQPs that are tissuespecific to skeletal muscle (Table 4 ). This excess may thus be a correlate of the incidence of muscular degenerative diseases that are caused by yeast-prion-like Table 1 , are not included).
We have compiled a complete list of the yeast-prion-like proteins that are linked to neurological diseases in humans (Table 3 ). For this list we curated the scientific literature to pick out any further cases that are linked to neurodegeneration or muscular degeneration (Table 3) . Genes linked to neurodegeneration/muscular degeneration dominate the list, comprising more than half (32/60) of cases. The genes are grouped according to the three largest PANTHER protein classes [48] (which are incidentally non-overlapping sets). These are: 'Nucleicacid binding/transcription factor', 'Cytoskeletal protein' and 'Transporter', (with 'Others' listed at the end of the table). Cytoskeletal proteins are significantly overrepresented (Additional file 4: Table S3 ). Similarly, there is a significant enrichment of proteins associated with the GO 'microtubule-based process' category (Additional file 1: Table S1 ). In examining this table, we also noted that Total number of the species listed in Table 1 that contain orthologous prion predictions or NQPs, with the total number of orthologs (regardless of whether they have a prion-like domain or not) in brackets several yeast-prion-like genes are linked to microcephaly (7 cases), so we checked whether these are significantly linked, and this is indeed the case (7/36, 19 % of all microcephaly-linked genes in the OMIM database, hypergeometric P-value = 0.009). This prompts the hypothesis that protein aggregation/amyloidogenesis may be a prominent factor in the aetiology of some of these disorders.
Overlap between annotation methods
We assessed the overlap between the different annotation methods for yeast-prion-like proteins in the human proteome (Additional file 5: Figure S2 ). We observe a core set of 101 proteins that are annotated as yeastprion-like by all of the methods (listed at the end of Additional file 2: Table S2) . Surprisingly, different annotation methods only have limited overlap. Particularly, 26 % of LPS annotations (using the binomial P-value threshold of 1e-10), are predicted to have prion domains by PAPA or PLAAC. Conversely, 89 % of PLAAC prions predictions (using yeast background composition) and all of the PAPA predictions are annotated as prions by other methods. However, PAPA predictions do not yield a significant enrichment in relation to human neurological diseases (Fig. 2) . These results are explicable if one considers that PLAAC and PAPA are trained on sequences that form prions in vivo in S. cerevisiae cells. Thus, prion-like domains in humans quite possibly have a different amino-acid composition, so that bias for Q and N is supplemented with different amino acids to those seen in S. cerevisiae prion-forming domains.
Conclusions
The yeast-prion-like domains in human proteins are largely novel since the last common ancestor of Deuterostomes, although any with yeast-prion-like orthologs outside Deuterostomes have a similar involvement in neurological/ neurodegenerative diseases. The yeast-prion-like proteins genetically linked to neurodegenerative illnesses are a large enough set to cause substantial enrichments, by some criteria highly statistically significant. They also dominate the 
Reviewers' comments
Reviewer's report 1: István Simon (Institute of Enzymology, Budapest, Hungary)
In this manuscript, the authors consider proteins as yeast-protein-like ones if it has a domain with pronounced N/Q-rich regions, determined by the program LPS or a prion domain, predicted by the program PAPA or PLAAC. Prion is the prototype of plaque forming proteins and prions also known as partly unstructured protein. Plaque formation is very common in many neurological diseases and unstructured proteins, is known as less conservatives due to the lack of structural constrain. Therefore, although it is a correct work, but the authors should present some less obvious conclusions than the lack of conservation and the link to neurological diseases of the yeast-protein-like, presented in this version.
Authors' Response: We disagree that these two results are obvious; these observations have not been reported before. It was not previously obvious how deeply conserved human yeast-prion-like proteins are, also the extent of the linkage of yeast-prion-like proteins to neurological illnesses has not been previously quantified. Also there are a lot of other results in the paper. We present statistics of yeast-prion-like proteins for a diverse panel of eukaryotes, and analyse the proteins that are yeastprion-like in both human and yeast. Furthermore, we show that the linkage of yeast-prion-like proteins to neurological illnesses is not due to expression levels or to a more general trend for intrinsically disordered proteins. Also, we found that linkage to neurological disease is not related to depth of conservation. The compilation of neurologically relevant yeast-prion-like proteins is also a useful resource for experimentalists.
We have added some further results for the important protein classes of neurological yeast-prion-like proteins, and analysis of the overlap between the annotations of yeast-prion-like proteins made using three different The genes are grouped according to the three most common PANTHER protein classes [48] . In making these listings, the four organisms with very high rates of yeast-prion-like proteins (see Table 1 ) are not considered b NQPs are N/Q-rich proteins as defined. In the 'NQP?' column, genes which encode an NQP with LPS P-value <1e-10 are labelled with an 'X', those with P-value otherwise <1e-08 are labelled with a '+' sign. If the gene has an algorithmic prion prediction, it is labelled with an 'X' in the 'Prion Prediction?' column c Genes that are in the UniProt neurodegenerative list are labelled 'U'. To other labels arise from curation of the scientific literature: those that were determined as neurodegeneration-linked genes are labelled 'CN', whereas those that are specifically linked to muscular degeneration are labelled 'CM' d These two were identified as linked to neurodegenerative illnesses after a biased screen for proteins with prion-like domains. However, they have previously identified links to neurological illnesses. Removal of these two cases found in such screens (hnRNPA2B1 and hnRNPA1, which are linked to ALS and other muscular degeneration [25] ) does not affect the calculations. Also, these two genes have previously discovered genetic linkages to neurodegenerative disorders [50, 51] For NQ-rich proteins, the LPS threshold used is 1e-10 (overall fraction is 414/22699, 1.8 %). The PLAAC and PAPA predictions use default values (overall fractions: 136 / 22699 (0.6 %) PLAAC; 279 / 22699 (1.2 %) PAPA). In all cases, human protein composition is used for these annotations. The disordered proteins are annotated as described in Methods methods. Also, we have revised the title of the paper to the more general: "The evolutionary scope and neurological disease linkage of yeast-prion-like proteins in humans".
Reviewer's report 2: Alexander Schleiffer (CSF Vienna Biocenter, Austria)
An and Harrison demonstrate an interesting statistically significant link of yeast-prion like proteins to human neurological diseases, particularly neurodegenerative diseases.
Three distinct programs were applied to determine a set of prion-like proteins (LPS, PAPA and PLAAC). Judging from the information in Table 2 , the overlap of these predictions is surprisingly low, although they are all based on amino acid composition. The authors should specify the size of the intersections of these algorithms for the human proteome.
Authors' Response: We have added a section discussing this (at the end of Results & Discussion), and it is mentioned in the abstract and conclusions sections.
Minor Issues: Page 8, first paragraph: 7 proteins are reported to be conserved between yeast and human, however 9 proteins are listed in Tables 1 and 2 .
Authors' Response: This has been corrected/clarified. Figure 1 : can be easily removed, since it does not provide any additional information than that already presented in Table 1 and the color code is difficult to comprehend in this resolution.
Authors' Response: We disagree that the Figure is superfluous; it illustrates a calculation graphically that is not included in Table 1 , and it shows the organismal phylogeny for the data that we analyzed. The colour heatmaps have been made larger, and we have made sure that the individual Figure file is high resolution as specified in the Author Guidelines (in the generated PDF it is depicted in low resolution, but there is a link to the original figure file in the upper right-hand corner of the PDF page). Figure 2 : the last set is supposed to be the union of the first three prediction programs, but the number of all yeast-prion like proteins is higher than the sum of the single predictions. The authors should explain.
Authors' Response: We had used the numbers using a higher LPS bias P-value threshold (1e-08). We have corrected it. The numbers do not add up exactly because there is substantial overlap in the assignments made using the three methods. Table 2 : in the human orthologs column isoforms and paralogs are listed. Specifying human gene names would avoid confusions. It can also be informative, if the total number of species with orthologs is added. For instance, in the case of genes with only a few NQP orthologs, such as NRD1, it is not clear whether they are less conserved or simply lost the NQP region.
